We describe the development of an instrument for the production of low energy positron beams that are bunched in time, and the use of a velocity selection device. The bunching unit was constructed from forty seven separate elements, coupled in series in a capacitor chain to reduce the delay time for propagation of the applied voltage pulse along the electrode system and to facilitate operation at frequencies up to 100 kHz. A parabolic potential distribution for time focusing was used. Tests with a dc positron beam produced from a radioactive source are described, together with measurements in which the buncher was used to compress positron pulses produced from an electron accelerator-based beam. Computer simulations of particle trajectories in the buncher have been performed resulting in a detailed evaluation of the factors that govern and limit the time resolution of the instrument. A sector magnet used to velocity-select intermediate energy positrons is described and its performance discussed.
I. INTRODUCTION
The production of low energy positron beams ͑with energies typically from eV to keV͒ has become a standard feature of many physics laboratories over the last 2 or 3 decades. 1 There have been diverse applications for these beams, particularly in the areas of condensed matter and surface physics 2, 3 and atomic physics. 4, 5 Usually they are based around a radioactive ␤ ϩ source such that the ensuing beam is continuous in nature ͑i.e., the positrons are randomly spaced in time͒. ͑Notable exceptions include beams based around pulsed machines, such as microtron electron accelerators and linear accelerators; see for example Ley 6 for a summary and Mills et al. 7 and Merrison et al. 8 for discussions of other relevant instruments.͒ However, over the years there have been many successful attempts both to time [9] [10] [11] [12] and bunch ͑or pulse͒ [13] [14] [15] [16] radioactive source-based beams. The scientific motivation for doing so has been varied and includes the following; the measurement of positron lifetimes at surfaces 11 and in the bulk 16 of materials, atomic cross section measurements 9 and the production of positronium beams, 12 positronium spectroscopy, 17, 18 and the prospect of studying systems containing more than one positron. [19] [20] [21] In this article we present details of a positron bunching system which has been applied, as described in Sec. II, both to continuous beams and to bunch the pulsed ͑1 s pulse time width͒ output of a microtron-based positron beam. 8 The main novel feature of the system is that the electrical elements of the buncher are capacitively coupled, thus reducing pulse propagation delay and allowing the device to be operated at frequencies much greater than has been achieved with similar resistively coupled devices. 7 Several techniques have been used in conjunction with positron beams to provide energy analysis of the beam, or merely to deflect or guide the low energy positrons such that, for instance, higher energy particles emanating from the radioactive source do not contaminate the beam. A summary of these has been provided by Coleman 1 and they include timeof-flight systems, 9 ,10 EÃB velocity analyzers, 22 bent solenoids, 23 and electrostatic energy analyzers. 24, 25 Here we describe the construction and use of a simple magnetic sector field analyser for positron studies. The device is a true momentum analyzer ͑as opposed to kinetic energy͒, is simple to implement, and is especially suited for use with intermediate energy positron beams. Discussion of the instrument can be found in Sec. III.
II. THE CAPACITANCE CHAIN BUNCHER

A. Mechanical and electrical construction
The buncher consisted of 47 cylindrical elements each with an internal diameter of 50 mm and a length of 20 mm. They were held separately by bolts onto three long ͑Ͼ1 m͒ ceramic rods. The separation between each element was fixed at 1 mm using ceramic spacers and the array was held along the axis of the positron beamline ͑which was also the axis of the magnetic field used to confine the beam͒. The buncher elements were held inside a cylindrical vacuum chamber, which was incorporated into a positron beamline developed at the University of Aarhus. 8, 26 This setup is shown schematically in Fig. 1 .
Each buncher element was wired to a separate vacuum feedthrough using copper wire. The feedthroughs were welded into a specially designed flange in two rows such that their position followed the physical layout of the buncher elements within the beamline chamber. Thus, the length of the wires to the feedthroughs was kept to a minimum, and each was approximately the same length. There was a distance of 38 mm between the two rows of feedthroughs and the diagonal distance from feedthrough-to-feedthrough was 58 mm. The overall length of the capacitor chain was 2.21 m, and using the speed of light in vacuum the minimum propagation delay down a chain of this length would be 7.4 ns. The measured value, between elements 1 and 33, for a pulse height ͑or buncher voltage V b ) of 300 V was 10 ns. The rise time of the pulse, which was dominated by the performance of the pulse generator/amplifier used, was measured directly from an oscilloscope by estimating the total elapsed time for the pulse to rise from zero to its maximum height. The rise time was found to vary down the buncher chain falling approximately linearly from 30 ns for the first electrode to around 10 ns for electrode 33. Hulett et al., 27 who used a device similar to the buncher described here as an ionic mass spectrometer, have found from both a theoretical approach and direct measurement that the pulse rise time had very little influence upon the time focusing properties of their device. This is probably because their voltage distribution was still quadratic and therefore time focusing, 7, 13, 27 despite the fact that the amplitude of the voltage pulse changed with time. However, the situation here, with a variable rise time, results in a more complex behavior and further discussion of this can be found in Sec. II D.
The bunching was obtained by applying the pulsed voltage, V b , to one end of the series capacitor chain, which was then divided in a parabolic fashion by the chain. In order to calculate the values of the capacitances to be inserted between adjacent feedthroughs ͑and hence electrodes͒, the intrinsic capacitance between each pair of electrodes had to be measured, along with the capacitance of each electrode to ground. ͑Although the electrodes were nominally the same size, small variations in mounting position and the distance of the gap between them meant that the pairwise capacitances were individually measured. Likewise, variations from electrode-to-electrode in their positions with respect to a grounded object, meant that the capacitance to ground of each electrode was individually accounted for.͒ Figure 2͑a͒ shows the effective capacitance network for the final two elements of the buncher system. The capacitances between the electrodes are denoted as C n and C nϪ1 , with the measured capacitance of the nth and (nϪ1)th electrodes to ground denoted as C n g and C nϪ1 g , respectively. It is easy to find a recursion formula that relates the capacitances to the voltages that should be applied to each electrode ͑to form the parabolic array͒, and this is given by
where C n ϭC n g V n /(V nϪ1 ϪV n ). Thus, once the respective C n s are known, and the intrinsic capacitance between each pair measured, the capacitance to be added can be calculated. A computer program was written to evaluate the relevant capacitances, and which also gave as output the voltage   FIG. 1 . Schematic of the experimental apparatus, not to scale. The 7.49 kV shown applied to the buncher chamber was variable with respect to the voltage applied to the positron moderator, which was located on the 5 K cryohead. This difference set V e , the positron kinetic energy in the buncher. The height of the buncher voltage, shown as 1 kV, could also be varied, as could the pulse repetition rate, with 100 kHz being an upper limit. On the right of the diagram einzel lenses and a pair of magnetic sector field momentum analyzers are illustrated. For the buncher tests a ceratron electron multiplier detector replaced the einzel lens.
FIG. 2. ͑a͒
Electrical circuit showing capacitances of the final two elements of the buncher ͓see Eq. ͑1͒ and accompanying discussion͔. ͑b͒ The measured deviation from the ideal quadratic potential for the real buncher.
which would be measured at each electrode using a probe of known input capacitance. Figure 2͑b͒ shows the voltage measured on each electrode expressed, for clarity in evaluating the accuracy of our method, in terms of the deviations from the expected parabolic distribution. The agreement obtained is excellent, and is everywhere between Ϯ1%, although there is a systematic trend from negative to positive passing along the buncher from the high to the low voltages. The origin of this effect is not known.
B. Tests using a continuous positron beam
A continuous positron beam was generated using a 1.5 GBq 22 Na radioactive source and a solid argon moderator.
1,2
The beam had a measured energy spread of around 5 eV and a similar mean energy, although the latter could be altered by changing V fl , the potential with respect to ground applied to the vacuum chamber which housed the buncher. The positrons were confined by an axial magnetic field of around 5 mT and passed through the buncher, which was switched on at various controlled frequencies. In these tests the last 14 elements of the instrument were wired using a resistor chain and were dc biased. This provided a quadratic potential distribution across the last section of the buncher and, when the capacitor chain section of the instrument was off, returned positrons back along the length of the device. As such, the active length was twice the physical length of the capacitor chain section, or very nearly 1.4 m. If a positron was present in the buncher when the pulse was applied it was ejected from the instrument and detected using a ceratron electron multiplier detector ͑not shown in Fig. 1͒ . The efficiency, ⑀, of bunching was measured by using standard timing ͑TAC/ MCA͒ electronics to register coincidences between the detected positron and the trigger pulse for the buncher. The efficiency was found by dividing the coincidence rate by the incident positron flux with the buncher off. Using these means also allowed the timing resolution of the device to be determined. The efficiency of the buncher was expected to be the product of the time-of-flight of the positrons in the device, t f , and the repetition rate of the pulse sequence, f b , since the pulse occurs randomly with respect to the arrival times of positrons in the buncher itself. The measured efficiency versus buncher repetition rate is shown in Fig. 3͑a͒ . A straight line fit to the data yields a value for t f of 1.04Ϯ0.05 s, and thus a mean energy of the positrons in the buncher of 5.1 Ϯ0.5 eV. This is in accord with the expectations, since for this experiment the buncher chamber was floated to the same electrical potential as the moderator bias such that the positron beam would only have its mean intrinsic kinetic energy once inside the device. Figure 3͑b͒ shows a plot of the bunching efficiency against V fl ͑which effectively fixes the beam energy in the buncher͒ at a constant buncher frequency of 67.6 kHz. The measured efficiency rises steadily as the floating voltage is increased, except for the final point taken at around 38 V, by which time part of the beam is being retarded off by the application of the voltage. The rising portion of the data were fitted to a function of the form a/(bϪV fl ) 1/2 , with a and b constants, which yielded aϭ15.3 (1.6)% and bϭ40.5 ͑1.3͒ eV. The analytic expectation, using the effective buncher length of 1.4 m to evaluate the time of flight of the positrons in the buncher ͓which is proportional to 1/(V e ) 1/2 , where V e is the energy of the beam in the buncher͔ is 15.9(%)/(V e ) 1/2 , in excellent accord with the measurements. The fitted constant b is also in good accord with the expectation that it should be equal to the 35.2 V potential difference between the moderator and the buncher chamber when grounded, plus the mean intrinsic energy of the positrons of 5.1Ϯ0.5 eV. The variations in the measured efficiency near the floating voltage of 35 V probably reflect the changing nature of the surface of the solid argon moderator during the period over which the measurements were made ͓a similar effect can be seen in Fig. 3͑a͔͒ . At this voltage the beam is at a low kinetic energy inside the device and the efficiency will be very sensitive to surface changes which might alter the ejection energy of the positrons.
A measurement of the timing resolution taken at a value of the buncher pulse voltage V b ϭ1 kV is shown in Fig. 3͑c͒ . The value for the full width at half maximum ͑FWHM͒ of the distribution is approximately 1.2 ns, while a result of 2.0 ns is obtained for the 10%-90% width. An estimate of the expected resolution can be found by solving the equations of motion for particles in a quadratic potential, allowing for their finite initial speed. The time taken for the positrons to reach the end of the buncher once it has been switched on is given by
/l, x 0 is the starting position of the positron from the end of the buncher, and l is the physical buncher length. Similar expressions can be found in the work of Hulett et al. 27 and Crane and Mills. 13 Inserting values for our case, and with (V b /V e )ϭ200, we find that the maximum flight time is 79.2 ns ͑corresponding to x 0 /lϭ1) while the minimum value is 70.8 ns for x 0 /lϭ0.3, the last portion of the buncher which is pulsed on. Thus, the expected time width ͑8.4 ns͒ is much broader than that measured. A potential cause of this difference is the finite propagation time of the pulse down the capacitor chain. In the ideal case, in which the positrons would be motionless in the buncher (V e ϭ0) when the voltage was applied, the time of flight would reduce from Eq. ͑2͒ to /2 and the pulse propagation time would only degrade the timing performance. In reality the positrons are not stationary and those located in the buncher at smaller values of x 0 /l are expected to reach the end of the buncher first. However, the pulse is applied first to the electrode corresponding to x 0 /lϭ1, and is delayed in its application to elements further down the chain. This creates a time shift ͑delay͒ on moving down the buncher, which in our case amounted to around 10 ns by x 0 /lϭ0.3 ͑electrode 33͒. A modified expression for the times-of-flight is then given by
͑3͒ Figure 4 shows a plot of the expected times-of-flight at various positions along the buncher and the effect of the time shift introduced by the pulse propagation time. The time width is shortened and is much closer to the measured value quoted above. Supporting evidence for a beneficial effect of the pulse propagation delay has been forthcoming from simulations of the buncher performance, as described in Sec. II D. However, there are further complexities associated with the temporal behavior of the electric field, and hence the acceleration of the positrons in the electrode structure, which must be taken into account. These include effects due to the finite propagation time of the pulse down the buncher and its rise time. Both of these effects were included in the trajectory simulations.
C. Tests using a pulsed positron beam
These tests were performed at the pulsed slow positron facility which has been developed at the Institute for Storage Ring Facilities at Aarhus ͑ISA͒. An account of this facility has been presented by Merrison et al., 8 including a brief report of their preliminary bunching experiments. Here we provide a more complete account of the work.
The beamline produced 700 ns wide bursts containing around 30 000 positrons at a frequency of 12 Hz. These were transported to the buncher at kinetic energies of 200 or 500 eV. At this facility it was necessary to use a tungsten foil to create the low energy positrons, 8 resulting in an intrinsic energy spread of around 3 eV. Since this spread is much less than the transport energy, the time structure of the pulse was preserved at the input to the buncher. The output of the beamline and buncher was monitored at the exit of the buncher using a channel electron multiplier array ͑CEMA͒ detector. The output of this was 50 ⍀ coupled to a 1.5 GS s
Ϫ1
, 400 MHz bandwidth, oscilloscope, and the timing resolution was estimated by examining the pulse shape directly on the oscilloscope. Note that in these tests the full buncher was used such that the capacitor chain was extended to cover all 47 elements. Figure 5 shows the output of the CEMA detector for four different operating conditions. For these experiments the beam was transported at 500 eV, while the buncher was floated at 495 V. The buncher pulse height was 750 V. Figure  5͑a͒ shows the ''background'' registered by the CEMA with the positron beam off ͑which was due to electronic pickup from the facility microtron and the buncher͒ while Fig. 5͑b͒ is the signal with the positron beam on, but the buncher off. Figure 5͑c͒ is ''beam-plus-background'' with the buncher on and finally Fig. 5͑d͒ is for the buncher on with the ''background'' removed. The buncher has transformed the second broad feature in Fig. 5͑b͒ into the narrow spike seen in Figs. 5͑c͒ and 5͑d͒.
The time width of this peak was measured directly as outlined above for various operating conditions, and this was taken as a measure of the timing resolution of the instrument. However, this could only yield an upper limit estimate, since the measured time width would also be affected by the detector response, that of associated circuitry and that of the oscilloscope. Figure 6 shows data in which the timing response was measured at various pulsing voltages. The measured response falls with V b , as expected from Eq. ͑2͒, and reaches a plateau, with a hint of a rise as the voltage approaches 800 V. As noted above, the values given for the timing resolution are upper limits and are much larger than that found under similar conditions for the continuous beam. In the latter instance single particle counting techniques could be applied and a shorter active buncher length was used.
D. Simulations
The performance of the buncher was modelled using the SIMION V7.0 ion optics simulation program. 28 This allowed positron trajectories to be calculated for the real buncher ͑i.e., a system of discrete electrodes͒, rather than the idealized parabolic potential, for a range of positron energies within the instrument and for typical applied pulsed voltages. Thus, the behavior of a beam of finite energy spread in the true buncher potential distribution could be elucidated. It should be noted that the majority of our simulations were performed without inclusion of the axial magnetic field and with positrons considered to be moving along the axis of the instrument. However, selected work with magnetic field incorporated, and with off axis and angular motion included, showed that these did not have major effects on the simulated performance of the buncher. These will be discussed as appropriate. The positron times-of-flight were simulated to a point 50 mm beyond the center of the last electrode, since the detector was physically located at this point during the experiments. Figure 7 shows the simulated times-of-flight versus starting position in the buncher for positrons at rest and V b ϭ1 kV for five different combinations of pulse propagation delay and rise time. The simplest situation is the ideal case of zero pulse propagation and rise times. For a continuous parabolic potential this situation should, according to Eq. ͑2͒, lead to a perfect time focus. It is expected that this would be approached when V b ӷV e , which may, for instance, be the case for thermal positrons in an accumulator or trap-based beam, 29, 30 particularly if the length of the buncher occupied by the trapped particles is much smaller than l. However, Fig. 7 shows that there are small ripples on the times-offlight which are due to deviations from the parabolic potential form caused by the discrete electrodes. In our case the ripples are 50-100 ps in height, leading to a corresponding limit in timing resolution. This will be a general feature of all discrete electrode bunchers. fect of the addition of the pulse propagation with zero rise time is to broaden the distribution of flight times with, as expected, those nearest the exit of the buncher having the longest time-of-flight. The distribution of flight times is similar to that predicted by the simple time-shift formula ͓Eq. ͑3͒ and Fig. 4͔ , though there are important differences. For instance, the particles that start close to the entrance of the buncher arrive earlier than expected. This is caused by the fact that, though the potential may not have physically reached the electrode in which the positron is immersed, the particle begins to feel the electric field as the pulse propagates towards it down the chain. This results in particles temporarily experiencing enhanced acceleration, and this effect is felt strongest where the applied potentials are largest. Detailed comparisons of the speeds of the positrons, and the electric potentials and fields they experience on passing down the buncher, have confirmed that this effect occurs and is, together with the time shift imposed by the delay, responsible for the form of the time-of-flight distribution.
The effect of the variable rise time, for zero pulse propagation delay, is also illustrated in Fig. 7 . In this case, those particles nearest the entrance to the buncher have the longest times-of-flight since, as pointed out in Sec. II A, the pulse takes longer to rise to its maximum at higher x 0 /l. The time differences between this curve and that for zero propagation delay and rise time are approximately those due to the rise times at various x 0 /l. It is notable that trends of the curves for pulse propagation delay without rise time and vice versa are very nearly opposite to one another and when the two effects are combined into the simulation leads to a near flat time-of-flight distribution with x 0 /l as illustrated in Fig. 7 . We have also simulated the effect of adding a constant pulse rise time of 20 ns ͑with 10 ns pulse propagation delay͒ and found it merely to shift the times-of-flight by around half the rise time.
Examples of the effects of initial positron motion in the buncher are given in Fig. 8 for V b ϭ1 kV and V e ϭ5 eV ͑with the motion in the direction of decreasing applied voltage͒. This corresponds closely to tests performed with the dc positron beam as described in Sec. II B. Overall the features are similar to those shown in Fig. 7 for V e ϭ0 eV. The case for zero pulse propagation delay shows that, as expected, positrons farthest from the exit of the buncher have the longer times-of-flight; however, this situation is reversed when the 10 ns propagation delay is added. Again, the effect of the variable pulse rise time has a dramatic narrowing effect on the distribution of flight times.
Simulations were performed in an attempt to model the behavior of a beam with finite energy spread, similar to that emitted from the solid argon moderator for V b ϭ1 kV and with the variable pulse rise time and the 10 ns pulse propagation delay. For these simulations the axial magnetic field was added and positron starting angles were chosen randomly up to 30°with respect to the axis. The results are shown in Fig. 9 in the form of a time-of-flight spectrum constructed from the individual times-of-flight of positrons with kinetic energies selected randomly across a Gaussian function centered on 5 eV. From here the timing resolution of the main peak was found to be approximately 1.3 ns FWHM, in excellent accord with the measured value of 1.2 ns.
The sensitivity of the timing response of the buncher to the pulse propagation delay was also investigated. The simulations here were for V b ϭ1 kV and V e ϭ5 eV ͑i.e., a single beam energy͒, including the variable pulse rise time. The FWHM of the resultant timing distribution is plotted in Fig.  10 . The simulated width falls from around 8 ns at a delay of 4 ns ͑unphysical in our case͒ and passes through a sub-ns minimum between delays of 10-14 ns before increasing again. This figure illustrates how critical this parameter is and that the excellent timing performance of the present buncher, as described in Sec. II B was partly fortuitous, since the simulations were a posteriori.
E. Discussion and applications
We have described a capacitance-coupled buncher capable of producing time focused positron beams. It can operate in the frequency range up to 100 kHz, and efficiencies of bunching of a continuous, radioactive source-based, beam in the region of 10% have been achieved. The timing reso- lution of this 1 m long buncher ͑see Sec. II B for a detailed description͒ was found to be less than 2 ns FWHM. The reason for this was traced to the beneficial influence of the propagation time of the voltage pulse down the capacitor chain and the pulse rise time.
There are numerous applications of a buncher of the type described above, both at continuous and pulsed positron sources. Some have already been realized, although many remain for the future. The bunched beam can be used to create a well-defined burst of positronium atoms which can then interact with a laser beam. Positronium spectroscopy 17, 18 is an underdeveloped field and studies of positronium states with principal quantum numbers greater than two appear to be worthwhile, including further work on so-called Rydberg states. 31 This could lead to advances in laser cooling of positronium. 32 Mach-Zehnder-type experiments on positronium also seem feasible 33, 34 as do studies of above threshold ionization of this unique species. 35 A bunched beam can also be used to form positronium atoms in vacuum such that the intrinsic lifetime of the triplet ground state can be measured accurately. The controversy between theory and experiment, and between various experiments, over this parameter has been well documented, 36 -39 and a measurement using a different technique would be worthwhile.
A buncher may be used to inject positrons into an antiproton trap in an effort to promote low energy antihydrogen formation. [40] [41] [42] At Aarhus, the buncher has been used in a separate experiment to inject positron pulses from the microtron beam into a 3 T magnetic field containing a Penning trap. Stacking of up to 15 slow positron pulses has been observed.
We note that there are some instances when the time focusing device described here cannot be used without the inclusion of a positron remoderator, 2 bearing in mind the energy spread imparted to the positrons by the bunching process. Firstly, if a monoenergetic timed positron beam is required, for instance for positron/positronium scattering studies, 4, 5 then the extra stage is required. This is also true if the final positron beam is required to be spatially focused in the directions perpendicular to its propagation. This can be achieved by electrostatic focusing once the positrons have left the magnetic field used to transport along the buncher, although severe limitations are imposed if use is made of the direct output of the buncher due to the energy spread of the beam.
III. THE MAGNETIC SECTOR FIELD MOMENTUM ANALYZER
A. Apparatus details Figure 11 shows a schematic illustration of the magnetic sector field analyzer ͑MSFA͒. The device was simply constructed from two soft iron pole pieces and a magnetizing coil of 97 turns which was wound on a cylindrical yoke 3 cm in diameter and 3.5 cm long. The entire unit was arranged on the outside of a vacuum chamber in which a simple positron extraction and electrostatic lens system was housed. The magnetic field was perpendicular to the positron trajectories. The primary purpose of the analyzer was to deflect the low energy positrons ͑anticlockwise͒ through an angle of 90°to remove them from other, heavier, positively charged particles which were transported through the electrostatic system ͑see Sec. III C͒. The magnet was slid over a flattened beam pipe and clamped into position. Magnetic fields up to approximately 5 mT could be generated by passing a current of around 3 A through the coil. Compensation for the Earth's magnetic field was achieved using auxiliary pairs of large Helmholtz coils.
The analyzer was tested using a positron beam generated from a low activity 22 Na radioactive source together with a moderator made from overlapping annealed tungsten meshes. The moderator could be biased at voltages up to 1 kV with respect to the vacuum chamber, thus setting the energy of the beam. The beam was transported to the analyzer ͑and hence the L-shaped vacuum pipe͒ using a threeelement einzel lens ͑see Fig. 1͒ . The beam was detected us- ing a 25 mm diam CEMA counter which was position sensitive in one dimension. The detector was arranged such that the axis of position sensitivity coincided with the axis through which the beam would be swept by the applied magnetic field. Two outputs from the CEMA were used to generate the positional data and each was fed through an amplification system, via crossover pickup units, to generate timing information and then into a time-to-amplitude converter. The output of this device was displayed on a multichannel analyzer, from which the position of the peak and its width ͑which corresponded to the position at which the beam struck the detector and the physical diameter of the beam at the detector, respectively͒ were read directly. Figure 12 shows the position of the peak and its width ͑in channels, the conversion factor into units of mm is given in the figure caption͒ at a fixed beam energy of 1000 eV for various magnetic field settings. Note that the beam was swept across the entire face of the detector as the field was changed by only of the order of 10 Ϫ4 T, at a field of around 10 Ϫ3 T. These data were taken with the central element of the einzel lens set to Ϫ2.5 kV ͑the two outer elements were grounded͒. The best focus of the beam obtained was a width of about seven channels, or approximately 3 mm, when the position of the peak was towards the lower channel numbers. This corresponded to deflection of the beam through an angle of greater than 90°which meant that, for the particular conditions under which these data were taken, the optimum focus was to one side of the detector. The measured width increased steadily as the beam was swept across the detector through the 90°deflection angle point. However, it was a relatively simple matter to change parameters ͑einzel lens voltage and magnetic field͒ slightly to achieve the optimum focus in the center of the detector.
B. Tests of performance
The performance of the system at fixed magnetic field is shown in Fig. 13 . As the energy of the beam was varied ͑by changing the voltage applied to the moderator͒ between 480 and 600 eV it was swept across the face of the detector and spectra were taken showing the response of the system. At each kinetic energy the einzel lens voltage was changed to maximize the beam intensity on the detector. ͑However, it was found empirically that optimum focusing and transmission did not always occur at the same einzel lens voltage. More particularly, peak transmission occurred at an einzel lens voltage typically 100-200 V lower than that which produced the best resolution.͒ As the energy of the beam was raised, the width of the peak increased. This is similar to the observation concerning Fig. 12 and relates to the combination of conditions pertaining to each run. It is also noticeable that the peaks, although having relatively narrow FWHM ͑particularly those for 480 and 520 eV͒ each have broad pedestals, which may be asymmetric. This is probably a result of the relatively large emitting diameter of the positron moderator, which was estimated to be around 5 mm.
C. Discussion and applications
In the above subsections we have described the operation of a MSFA as a momentum selector for a low energy positron beam. The device has some important advantages when used as a filter to separate positrons from other species, both charged and neutral, which may be traveling along a common axis with the positrons. First, the instrument is simple to construct and easy to implement. The entire device can be located on the outside of a stainless steel vacuum chamber used to transport the beam; a significant simplification over the usual electrostatic beam deflectors. 1, 22, 25 It can be used as part of a compact beam transport system such that, for instance, positrons can be readily removed from line-of-sight with the radioactive source used to produce the beam. The MSFA can be compatible with, as was done in the work reported here, auxiliary electrostatic lens systems. Second, we note that the device is suited for use with positrons of keV-type energies, since the magnetic fields involved are still easily manageable; i.e., of the 1-10 mT. Here it has advantages over the use of electrostatic deflectors which typically need static voltages around a factor of 2 greater than the beam energy.
The MFSA is also a true momentum selector, rather than an energy selector, to which class electrostatic instruments belong. Thus, the device can be used to separate positrons from ions which have equal kinetic energies. This attribute was put to use in the experiment of Merrison et al. 26, 43 in which low energy positrons which had been liberated from a positronium atom following capture of the electron by a proton had to be distinguished from the much greater background of low energy protons. More typically it may be necessary to separate energetic positrons from ions which are almost at rest, having been created, for example, as a result of an ionizing collision with a gas atom or molecule. It is straightforward to see that such separation can be accomplished readily at all ionic charge-to-mass ratios at all but a few positron momenta.
The MSFA described here has also been used as a simple beam deflector to operate in a rugged radiation environment near the beam dump of a 100 MeV microtron electron beam used in the ISA positron facility. 8 The device was used to deflect the remoderated positrons through an angle of approximately 45°, both to facilitate their removal from the incoming positron beam and their injection into a solenoidal magnetic transport field.
